The structure±pharmacological activity relationships generally accepted for antitumor platinum compounds stressed the necessity for the cis-[PtX 2 (amine) 2 ] structure while the trans-[PtX 2 (amine) 2 ] structure was considered inactive. However, more recently, several trans-platinum complexes have been identi®ed which are potently toxic, antitumor-active and demonstrate activity distinct from that of conventional cisplatin (cis-[PtCl 2 (NH 3 ) 2 ]). We have shown in the previous report that the replacement of ammine ligands by iminoether in transplatin (trans-[PtCl 2 (NH 3 ) 2 ]) results in a marked enhancement of its cytotoxicity so that it is more cytotoxic than its cis congener and exhibits signi®cant antitumor activity, including activity in cisplatin-resistant tumor cells. In addition, we have also shown previously that this new trans compound (trans-[PtCl 2 (E-iminoether) 2 ]) forms mainly monofunctional adducts at guanine residues on DNA, which is generally accepted to be the cellular target of platinum drugs. In order to shed light on the mechanism underlying the antitumor activity of trans-[PtCl 2 (E-iminoether) 2 ] we examined oligodeoxyribonucleotide duplexes containing a single, site-speci®c, monofunctional adduct of this transplatin analog by the methods of molecular biophysics. The results indicate that major monofunctional adducts of trans-[PtCl 2 (E-iminoether) 2 ] locally distort DNA, bend the DNA axis by 21 o toward the minor groove, are not recognized by HMGB1 proteins and are readily removed from DNA by nucleotide excision repair (NER). In addition, the monofunctional adducts of trans-[PtCl 2 (E-iminoether) 2 ] readily cross-link proteins, which markedly enhances the ef®ciency of this adduct to terminate DNA polymerization by DNA polymerases in vitro and to inhibit removal of this adduct from DNA by NER. It is suggested that DNA±protein ternary cross-links produced by trans-[PtCl 2 (E-iminoether) 2 ] could persist considerably longer than the non-cross-linked monofunctional adducts, which would potentiate toxicity of this antitumor platinum compound toward tumor cells sensitive to this drug. Thus, trans-[PtCl 2 (E-iminoether) 2 ] represents a quite new class of platinum antitumor drugs in which activation of trans geometry is associated with an increased ef®ciency to form DNA±protein ternary cross-links thereby acting by a different mechanism from`classical' cisplatin and its analogs.
INTRODUCTION
cis-diamminedichloroplatinum(II) (cisplatin) (Fig. 1 ) is an ef®cient anticancer drug for the treatment of testicular and other germ-cell tumors (1) . Since the discovery of its antitumor activity, the search continues for an improved platinum antitumor agent. The search is motivated by the desire to improve platinum chemotherapy since clinical use of cisplatin and some of its direct analogs is associated with diminished activity against a number of cancers, the acquired resistance developed by many tumors and severe side effects. In this search the hypothesis that platinum drugs which bind to DNA in a fundamentally different manner to that of cisplatin will have altered pharmacological properties has been tested (2) . This concept has already led to the synthesis of several new unconventional platinum antitumor compounds that violate the original structure±activity relationships (3±5). The clinical inactivity of trans-diamminedichloroplatinum(II) (transplatin) is considered a paradigm for the classical structure±activity relationships of platinum drugs (6) , but to this end several new analogs of transplatin which exhibit a different spectrum of cytostatic activity including activity in tumor cells resistant to cisplatin have been identi®ed (reviewed in 5, 7, 8) . Examples of these antitumor transplatinum complexes are the analogs of transplatin in which one ammine group is replaced by ligands such as thiazole, piperidine, piperazine, 4-picoline and cyclohexylamine; the analogs with branched asymmetric aliphatic amines; and the analogs containing iminoether groups of general formula trans-[PtCl 2 (E-iminoether) 2 ] (trans-EE, Fig. 1 
) (5,7±9).
trans-EE is not only more cytotoxic than its cis congener, but is also endowed with signi®cant antitumor activity, including activity in cisplatin-resistant tumor cells (10±12). These results strongly imply a new mechanism of action for trans-EE. By analogy with the diamminedichloroplatinum(II) compounds, the inhibition of DNA synthesis by trans-EE (10,11) implies a role for DNA binding in the mechanism of action.
Bifunctional trans-EE preferentially forms stable monofunctional adducts at guanine residues in double-helical DNA (~90% of monofunctional adducts are formed after 48 h at 37°C in 10 mM NaClO 4 ) (13) . The random modi®cation of natural DNA in cell-free media results in non-denaturational alterations in the conformation of DNA (14) , similar to the modi®cation by cisplatin, but different from the modi®cation by transplatin [which produces denaturational distortions in DNA (15) ]. The most striking feature of the lesions of trans-EE is that they prematurely terminate RNA synthesis at similar sites and with a similar ef®ciency to major DNA adducts of cisplatin. This is a very intriguing ®nding since the prevalent lesions formed on DNA by trans-EE are monofunctional adducts at guanine residues and monofunctional DNA adducts of other platinum(II) complexes {such as those of [PtCl(NH 3 ) 3 ]Cl, chlorodiethylenetriamineplatinum(II) chloride ([PtCl(dien)]Cl), cisplatin and transplatin} do not terminate RNA synthesis (16, 17) . In addition, it is generally accepted that monofunctional DNA adducts of cisplatin are not relevant to its cytostatic effects.
Recently, a short duplex containing a single, monofunctional adduct of trans-EE at a central guanine residue has been analyzed by NMR spectroscopy (18) . This analysis has yielded a model in which the bending induced by the monofunctional adduct of trans-EE was~45°towards the minor groove.
Since other structural details of the monofunctional DNA adducts formed by this antitumor transplatin analog are not yet available, it remains uncertain how these lesions affect conformation of DNA and how these alterations are further processed in the cells. Therefore, in order to shed light on the mechanism underlying activity of trans-EE, we examined in detail in the present work short oligodeoxyribonucleotide duplexes containing a single, site-speci®c, monofunctional adduct formed by this drug at a central guanine residue. We investigated how this adduct affects the local conformation of DNA (in particular bending and unwinding) and how this adduct is further processed by some cellular components in cell-free media. (Fig. 1) and its mononitrato trans-[Pt(NO 3 )Cl(Eiminoether) 2 ] analog was prepared by the methods described in detail previously (13, 19) . Cisplatin (Fig. 1A) was obtained from Sigma (Prague, Czech Republic). [PtCl(dien)]Cl was from Lachema a.s. (Brno, Czech Republic). The stock solutions of platinum compounds were prepared at concentrations of 5 Q 10 ±4 M in 10 mM NaClO 4 and stored at 4°C in the dark. The synthetic oligodeoxyribonucleotides were synthesized and puri®ed as described previously (20) . Expression and puri®cation of domains A (residues 1±84) and B (residues 85±180) of the HMGB1 proteins (HMGB1a and HMGB1b, respectively) (HMG = high-mobility-group) were carried out as described (21, 22) . T4 DNA ligase, the Klenow fragment from DNA polymerase I (exonuclease minus, mutated to remove the 3¢®5¢ proofreading domain) (KF ± ), restriction endonuclease EcoRI and T4 polynucleotide kinase were purchased from New England Biolabs (Beverly, MA). Reverse transcriptase from human immunode®ciency virus type 1 (RT HIV-1) was from Calbiochem (San Diego, CA). Histone H1 and deoxyribonucleoside 5¢-triphosphates were from Roche Diagnostics, GmbH (Mannheim, Germany). Acrylamide, bis(acrylamide), urea and NaCN were from Merck KgaA (Darmstadt, Germany). Dimethyl sulfate (DMS), KMnO 4 , diethyl pyrocarbonate (DEPC), KBr and KHSO 5 were from Sigma (Prague, Czech Republic). Nonidet P-30 was from Fluka (Prague, Czech Republic). Radioactive products were from Amersham (Arlington Heights, IL). Proteinase K and ATP were from Boehringer (Mannheim, Germany).
MATERIALS AND METHODS

Chemicals
trans-EE
Platinations of oligonucleotides
The single-stranded oligonucleotides (the top, pyrimidinerich, strands containing a single central G of the 19±23 bp duplexes) were reacted in stoichiometric amounts with either [PtCl(dien)]Cl or the mononitrato analog of trans-EE. The platinated oligonucleotides were puri®ed by ion-exchange fast protein liquid chromatography (FPLC). It was veri®ed by platinum¯ameless atomic absorption spectrophotometry (FAAS) and by optical density measurements that the modi®ed oligonucleotides contained one platinum atom. It was also veri®ed using DMS footprinting of platinum on DNA (23) that one trans-EE or [PtCl(dien)]Cl molecule was coordinated to the N7 atom of the single G in the top strands of each duplex. FPLC puri®cation and FAAS measurements were carried out on a Pharmacia Biotech FPLC System with MonoQ HR 5/5 column and a Unicam 939 AA spectrometer equipped with a graphite furnace, respectively. The duplexes containing single, central 1,2-GG intrastrand cross-links (CL) of cisplatin in the pyrimidine-rich top strand were prepared as described (20) . The unmodi®ed or platinated duplexes used in the studies of recognition by HMGB1 domain proteins were still puri®ed by electrophoresis on native 15% polyacrylamide (20, 24) .
Ligation and electrophoresis of oligonucleotides
Unplatinated 19±23mer single strands (bottom strands in Fig. S1A in Supplementary Material) were 5¢-end-labeled with [g-32 P]ATP using T4 polynucleotide kinase. They were then annealed with their phosphorylated complementary strands (unplatinated or containing monofunctional adduct of trans-EE at the G residue). The duplexes were allowed to react with T4 DNA ligase. The resulting samples along with ligated unplatinated duplexes were subsequently examined on 8% native PAA [mono:bis(acrylamide) ratio = 29:1] electrophoresis gels. Other details of these experiments were as described in previous papers (25±27).
Chemical modi®cations
The modi®cations by KMnO 4 , DEPC and KBr/KHSO 5 were performed as described previously (24,28±30) . The strands of the duplexes were 5¢-end-labeled with [g-32 P]ATP. In the case of the platinated oligonucleotides, the platinum complex was removed after reaction of the DNA with the probe by incubation with 0.2 M NaCN (pH 11) at 45°C for 10 h in the dark.
Gel-mobility-shift assay
The 5¢-end labeled 20 bp oligonucleotide duplexes either unplatinated (controls) or containing the central platinum adduct in their top strands were used and their reaction with HMG-domain proteins was performed and analyzed as described previously (31) .
Inhibition of DNA polymerization
We investigated in the present work DNA polymerization using the templates site-speci®cally modi®ed by trans-EE or cisplatin by two DNA polymerases, which differ in processivity and ®delity. The DNA polymerase I class of enzymes has served as the prototype for studies on structural and biochemical mechanisms of DNA replication (32, 33) . In addition, as the most extensive genetic, biochemical and structural studies have been carried out on Klenow fragment of DNA polymerase I (including its exonuclease-de®cient analog) this enzyme appears to be an ideal model system for investigating the molecular mechanisms associated with template-directed DNA synthesis (32, 33) . The other DNA polymerase used in these studies was RT HIV-1, showing a different mechanism underlying its catalytic activity and relatively low processivity and ®delity (34) .
The 23-, 30-or 40mer templates (Figs 2 and 3) containing a single monofunctional adduct of trans-EE or [PtCl(dien)]Cl or 1,2-GG intrastrand CL of cisplatin were prepared in the same way as described above. Eight-or 17mer DNA primers whose sequences are also shown in Figures 2 and 3 were complementary to the 3¢ termini of the 23, 40 or 30mer templates, respectively. The DNA substrates were formed by annealing templates and 5¢-end-labeled primers at a molar ratio of 3:1. All experiments using KF ± and RT HIV-1 were performed at 25°C in a volume of 50 ml in a buffer containing 50 mM Tris± HCl (pH 7.4), 10 mM MgCl 2 , 0.1 mM dithiothreitol, 50 mg/ml BSA, 0.1% Nonidet P-30, 25 mM dATP, 25 mM dCTP, 25 mM dGTP, 25 mM TTP and 0.5 U KF ± . The experiments with RT HIV-1 were performed at 37°C using the same conditions except that the nucleoside triphosphates were at a concentration of 100 mM and 1.0 U of the enzyme was used. Reactions were terminated by the addition of EDTA so that its resulting concentration was 20 mM and by heating at 100°C for 30 s. Products were resolved by denaturing 24 or 15% PAA/8 M urea gel and then visualized and quanti®ed by using the FUJIFILM bio-imaging analyzer and AIDA image analyzer software.
Nucleotide excision assay
The 148 bp substrates containing single, central, monofunctional adducts of trans-EE, [PtCl(dien)]Cl or 1,2-GG intrastrand CL of cisplatin were assembled from three oligonucleotide duplexes as described previously (35, 36) .
Oligonucleotide excision reactions were performed in cellfree extracts (CFEs) prepared from the HeLa S3 and Chinese hamster ovary (CHO) AA8 cell lines as described (37, 38) . In vitro repair was measured with excision assay using these CFEs and 148 bp linear DNA substrates in the same way as described previously (38) . Reaction products were still treated overnight with 0.4 M NaCN, pH 10±11, at 45°C to remove platinum from excised fragments. The NaCN treatment was included to eliminate both the effect of the positively charged platinum complex bound to the excised fragments and the protein cross-linked to the excised fragments on their migration in the gel.
Mapping of incision sites was performed as described in the preceding reports (38) . The major excision product (gelpuri®ed) was further incubated for 10 min at 30°C with T4 DNA polymerase (0.25 U) in 10 ml of buffer composed of 50 mM Tris±HCl (pH 8.8), 15 mM (NH 4 ) 2 SO 4 , 7 mM MgCl 2 , 0.1 mM EDTA, 50 mM b-mercaptoethanol and 20 mg BSA/ ml, supplemented with 0.5 mg SmaI-digested pBluescript DNA and visualized by autoradiography following resolution in 10% denaturing PAA gel. Similar analyses using radiolabeled, platinated 20mers (used in the nucleotide excision assays) were also used to identify the nucleotide(s) at which the exonuclease activity of T4 DNA polymerase is blocked 3¢ to the lesion. The location of the 5¢ incision site made by the excinuclease was determined by comparison with the length of excision products observed in the absence of T4 DNA polymerase digestion.
RESULTS
Bending, unwinding and chemical probes of DNA conformation
Important structural motifs induced in DNA by antitumor platinum compounds that play a signi®cant role in the mechanism underlying their antitumor activity are the unwinding and bending of the helix axis (5, 39) . For DNA adducts of cisplatin, the structural details of the bending and unwinding have been elucidated (26, 40, 41) . Given the recent advances in our understanding of the structural basis of the bending and unwinding of DNA caused by cisplatin, it is of considerable interest to examine how the major monofunctional adduct of trans-EE affects these conformational properties of DNA. In this work we performed studies on the bending and unwinding afforded by a single, site-speci®c, monofunctional adduct formed by trans-EE at guanine residues using electrophoretic retardation as a quantitative measure of the extent of planar curvature (25, 26) .
Oligodeoxyribonucleotide duplexes (19±23 bp) (see Fig. S1A in Supplementary Material for their sequences) containing, in the top pyrimidine-rich strand, a central TGT sequence (42) were used for the bending and unwinding studies of the present work. The ligation products of these duplexes unplatinated or containing a single, site-speci®c, monofunctional adduct of trans-EE at the central guanine residue in the top strand were analyzed on native PAA electrophoresis gel (see Fig. S1B in Supplementary Material). Experimental details of these studies are given in our recent reports (23, 27, 43) .
The K factor is de®ned as the ratio of calculated to actual length. The calculated length is based on a multimer's mobility, and is obtained from a calibration curve constructed from the mobilities of unplatinated multimers. The variation of the K factor versus sequence length obtained for multimers of the 19±23 bp duplexes and containing the monofunctional adduct of trans-EE is shown in Figure S1C (Supplementary Material). Maximum retardation was observed for the 21 bp duplex. This observation suggests that the natural 10.5 bp repeat of B-DNA was not markedly changed. The exact helical repeat of the duplex containing the adduct of trans-EE, and from it the unwinding angle, were calculated by interpolation with the use of the K versus interadduct distance curve as described in the previous papers for other platinum adducts (23, 40) . The maximum of these curves constructed for the duplexes modi®ed by trans-EE with a total length of 130 bp (see Fig. S1D in Supplementary Material) was determined to be 21.10 T 0.01 bp. Total sequence lengths other than 130 bp were examined and gave identical results. To convert the interadduct distance in base pairs corresponding to the curve maximum into a duplex unwinding angle in degrees, the value is compared with that of the helical repeat of B-DNA, which is 10.5 T 0.05 bp (44) . The difference between the helical repeat of B-DNA and the DNA-containing monofunctional adduct of trans-EE, therefore, is [(21.10 T 0.01) ± 2(10.5 T 0.05)] = 0.10 T 0.06 bp. There are 360°/10.5 bp, so the DNA unwinding due to one monofunctional adduct of trans-EE is 3 T 2°.
The quantitation of the bend angle of the monofunctional adduct of trans-EE was performed in the way described previously (24, 26, 41, 45) , utilizing the empirical equation
where L represents the length of a particular oligomer with relative mobility K, and RC the curvature relative to a DNA bending induced at the tract of six adenines (A 6 tract) (45) . Application of 1 to the 120, 130 or 140 bp multimers of the 21 bp oligomers containing the single, monofunctional adduct of trans-EE (see Fig. S1C in Supplementary Material) leads to a mean curvature of 0.53, relative to an A 6 tract. The average Figure 3 . Primer extension activity of exonuclease-de®cient Klenow fragment of DNA polymerase I (KF ± ) (A) and RT HIV-1 (B) using the 8mer/40mer and 17mer/30mer primer/template duplexes, respectively. The experiments were conducted for 30 min using undamaged templates (lanes 1), undamaged templates to which histone H1 was added at a molar ratio of 4:1 (lanes 2), the templates containing monofunctional adduct of trans-EE (lanes 3) and monofunctional adduct of trans-EE cross-linked to histone H1 (lanes 4). The pause sites opposite the platinated guanines and anking residues are marked 19, 20, 21 and 22 (the sites opposite the platinated residue are still marked`Pt'). The nucleotide sequences of the templates and the primers are shown beneath the gels.
bend angle per helix turn can be calculated by multiplying the relative curvature by the absolute value of an A 6 tract bend [20° (26) ]. The results indicate that the bend induced by the monofunctional adduct of trans-EE is~21°. That this bend was oriented towards the minor groove of DNA was veri®ed in the same way as previously using the duplex [TGT+(A/T) 5 ](32) (see Fig. S1A in Supplementary Material for its sequence) (41, 46) .
Further studies of the present work were focused on analysis of the distortion induced by the monofunctional adducts of trans-EE by chemical probes of DNA conformation. The 20 bp duplex [the duplex TGT (20) in Fig. S1A in Supplementary Material] containing the single, site-speci®c adduct of trans-EE was treated with several chemical agents used as tools for monitoring the existence of conformations other than canonical B-DNA. These agents included KMnO 4 , DEPC and bromine. They react preferentially with single-stranded DNA and distorted double-stranded DNA (24, 47) . We used for this analysis the same methodology described in detail in our recent papers dealing with DNA adducts of various antitumor platinum drugs (43, 48) . The results (see Fig. S2 in Supplementary Material) indicate that the adduct of trans-EE induces in DNA a distortion that extends over at least 2 bp and is localized mainly at the base pair containing the platinated G residue and the adjacent base pairs on the 5¢ side.
Recognition by the domains A and B of HMGB1
An important feature of the mechanism that underlies the antitumor activity of cisplatin and its direct analogs in a number of tumor cells is that the major adducts of these drugs (1,2-GG intrastrand CLs) are recognized by proteins containing HMG domains (5, 39, 49 3 ]Cl, we examined whether the monofunctional adducts of trans-EE enhance af®nity of HMG-box proteins to DNA. The interactions of the rat HMGB1 domain A (HMGB1a) and HMGB1 domain B (HMGB1b) with DNA modi®ed by trans-EE were investigated using gel-mobility-shift assay (31,50,51) ( Fig. S3A and B in Supplementary Material). In these experiments, the 20 bp duplex (see Fig. S3C in Supplementary Material for its sequence) was modi®ed so that it contained a single, site-speci®c, monofunctional adduct of trans-EE. The binding of HMGB1a and HMGB1b to these DNA probes was detected by retardation of the migration of the radiolabeled 20 bp probes through the gel (Fig. S3A and B in Supplementary Material) under identical conditions described in detail in our recent papers (42, 52) .
As indicated by the presence of a shifted band whose intensity increases with growing protein concentration, both HMGB1a and HMGB1b recognized the duplex containing the 1,2-GG intrastrand CL of cisplatin ( Fig. S3A and B in Supplementary Material), consistent with earlier observations (49, 53, 54) . These proteins exhibited, under the same experimental conditions, negligible binding to the 20 bp duplex unplatinated or containing the monofunctional adduct of trans-EE (see Fig. S3A and B in Supplementary Material).
These data indicate that HMGB1 proteins do not bind the probe containing the major adducts of trans-EE.
Probing trans-EE adducts by DNA polymerases
It has been demonstrated that various DNA secondary structures have signi®cant effects on processivity of a number of prokaryotic, eukaryotic and viral DNA polymerases (55±57). Interestingly, with DNA templates containing sitespeci®cally placed adducts of various platinum compounds, a number of prokaryotic and eukaryotic DNA polymerases were blocked but could also traverse through platinum adducts depending on their character and conformational alterations induced in DNA. Inhibition of prokaryotic DNA and RNA polymerases by the adducts on DNA globally modi®ed by trans-EE has already been demonstrated in in vitro replication or transcription mapping experiments (10, 14) . Similarly, the inhibition of DNA synthesis in human tumor cells treated with trans-EE has been demonstrated and found to be greater than that with the cis isomer (11) . Monofunctional adducts of cisplatin or transplatin and those of the monodentate compounds such as [PtCl(dien)]Cl or [PtCl(NH 3 ) 3 ]Cl terminate DNA synthesis by DNA polymerases in vitro markedly less ef®ciently than major 1,2-GG intrastrand CLs of cisplatin (55) . It is, therefore, interesting to examine whether DNA polymerases, processing DNA substrates containing either the major monofunctional adduct of trans-EE or bifunctional 1,2-GG intrastrand CL of cisplatin, could reveal potential differences in conformational alterations imposed on DNA by these two adducts.
We constructed the 8mer/23mer primer/template duplexes unplatinated or containing the monofunctional adduct of trans-EE or [PtCl(dien)]Cl in the central TGT sequence or the 1,2-GG intrastrand CL of cisplatin in the central TGGT sequence (for their sequences, see Fig. 2A ). The ®rst eight nucleotides on the 3¢ terminus of the 23mer template strand were complementary to the nucleotides of the 8mer primer and the guanine involved in the monofunctional adduct of trans-EE, [PtCl(dien)]Cl or the 3¢ guanine in the 1,2-GG CL of cisplatin on the template strand were located at the 13th position from the 3¢ terminus ( Fig. 2A) . After annealing the 8 nt primer to the 3¢ terminus of the unplatinated or platinated template strand positioning the 3¢-end of the primer ®ve bases before the adduct in the template strand, we examined DNA polymerization through the single, monofunctional adduct of trans-EE or [PtCl(dien)]Cl and the 1,2-intrastrand CL of cisplatin by KF ± in the presence of all four deoxyribonucleoside 5¢-triphosphates. The reaction was stopped at various time intervals, and the products were analyzed using a sequencing 24% PAA/8 M urea gel ( Fig. 2A) . Polymerization using the 23mer template containing the CL of cisplatin proceeded rapidly up to the nucleotide preceding and at the sites opposite the CL, such that the 12 and 13 nt products accumulated to a signi®cant extent (shown in Fig. 2A, lanes 16±20) . The larger DNA intermediates were not observed in a considerable extent, whereas no intermediate products were seen with the 23mer control template or the template containing the monofunctional adduct of [PtCl(dien)]Cl as the full-length products were formed (shown in Fig. 2A, lanes 1±10) . The full-length products were also noticed with the 23mer template containing the CL of cisplatin, although in a signi®cantly smaller amount (Fig. 2A, lanes 16±20 ). This result is in agreement with a previously published work (58) in which T7 DNA polymerase and RT HIV-1 were used and con®rms that 1,2-GG intrastrand CL of cisplatin inhibits DNA synthesis (55), but translesion synthesis may occur. Under the same experimental conditions, DNA polymerization by KF ± using the template containing the monofunctional adduct of trans-EE proceeded up to the nucleotide preceding the site opposite the platinated G involved in the adduct and to the following nucleotide residue (Fig. 2A, lanes 11±15 ). There was almost no accumulation of shorter and larger DNA intermediates and, importantly, the full-length products were also noticed. The amount of the full-length products increased with reaction time, but with a noticeably lower rate compared to polymerization using the template containing the CL of cisplatin (Fig. 2B) . This result suggests that the monofunctional adducts of trans-EE are even more ef®cient inhibitors of DNA polymerization than the major adducts of cisplatin.
In order to further support the latter conclusion, we have also examined the effects of the monofunctional adduct of trans-EE on DNA polymerization by RT HIV-1. In these studies elongation of the 17mer/30mer primer/template duplexes was tested by rapidly mixing a solution of RT HIV-1 and DNA with a solution containing all four deoxyribonucleoside 5¢-triphosphates. The 30mer template was non-modi®ed or contained the monofunctional adduct of trans-EE located at the 20th position from the 3¢ terminus (for its sequence, see the bottom sequence in Fig. 3) . The reaction was stopped at various times, and the products were analyzed using a sequencing 15% PAA/8 M urea gel. Polymerization using the trans-EE template proceeded rapidly up to the nucleotide at the site opposite the platinated and following residues, such that 20 and 21 nt intermediates accumulated to a signi®cant extent (shown in Fig. 3B for the incubation time of 30 min). Nevertheless, the synthesis by the RT HIV-1 across the monofunctional adduct of trans-EE was still possible, as in the case of the polymerization by KF ± . Hence, we con®rmed also by using DNA polymerase showing a different mechanism underlying its catalytic activity than KF ± that the monofunctional adduct of trans-EE constitutes a fairly strong block to DNA synthesis catalyzed by KF ± and RT HIV-1 but not absolute, thus permitting translesion DNA synthesis with a limited ef®ciency. Since there is a high degree of structural and sequence conservation of the domains among eukaryotic, prokaryotic and viral polymerases (59) insights gleaned from studies of the KF ± and RT HIV-1 also should be applicable to other DNA polymerases (32, 60, 61) . Hence, the observation that DNA polymerization is inhibited by trans-EE adducts more strongly than by the adducts of other simple monofunctional platinum(II) compounds and even by the major CL of cisplatin add a new dimension to the impact of the activation of the trans geometry in platinum compounds by iminoether ligands on processes in tumor cells, possibly including replication or DNA repair.
Nucleotide excision repair (NER)
NER is a pathway used by human cells for the removal of damaged nucleotides from DNA (62, 63) . In mammalian cells, this repair pathway is an important mechanism for the removal of bulky, helix-distorting DNA adducts, such as those generated by various chemotherapeutics including cisplatin (64) . Ef®cient repair of 1,2-GG or 1,3-GNG intrastrand CL of cisplatin has been reported by various NER systems including human and rodent excinucleases (38,65±69). The result presented in Figure 4A , lane 6 is consistent with these reports. The major excision fragment contains 28 nt and other primary excision fragments are 24±29 nt in length (38, 70) . In contrast, consistent with previous reports (42, 71, 72) , no excision fragments were noticed if the monofunctional adduct of [PtCl(dien)]Cl was used as a substrate for human and rodent excinucleases (shown in Fig. 4A , lane 4 for rodent excinuclease). Importantly, the monofunctional adduct of trans-EE was also repaired by both human and rodent excinucleases, although with a somewhat lower ef®ciency than the major intrastrand CLs of cisplatin [shown in Fig. 4A  (lane 8) and B for the adduct removed by rodent excinuclease].
T4 DNA polymerase 3¢®5¢ exonuclease activity was used to map the primary sites of incision in the same way as described in recent papers (73) . The major 3¢ incision site is 10 nt (or at the 11th phosphodiester bond) 3¢ to the adduct (the minor 3¢ incision site is at the 10th phosphodiester bond) and the other major incision site at the 18 th phosphodiester bond 5¢ to the adduct (Fig. 4C) .
Ternary DNA±protein complex formation
The monofunctional DNA adducts of trans-EE were investigated for their ability to speci®cally cross-link proteins. The 1,2-GG intrastrand CL of cisplatin and the interstrand CL of transplatin formed between G and complementary C were used as controls. The 22 or 23 bp duplexes 5¢-end-labeled at their top, pyrimidine-rich strands (the sequences of which are given in Fig. 5 ) were modi®ed by trans-EE so that they contained a single, site-speci®c, monofunctional adduct at the G residue. Ternary DNA±protein cross-linking ef®ciency was assessed by gel mobility shift assays. The 23 bp duplex containing the monofunctional adduct of trans-EE was mixed with EcoRI restriction endonuclease, a sequence-speci®c DNA-binding protein. A fraction was detected by denaturing gel electrophoresis with signi®cantly retarded mobility (Fig. 5A, lane 2) compared with that of the free probe. This fraction was eliminated after treatment with sodium cyanide or proteinase K converting it to that of the unmodi®ed probe (not shown). These results suggest that the species is a protein±DNA CL tethered by platinum±guanine and platinum±protein covalent bonds. While the proteinase K and NaCN experiments clearly indicate that protein is the species cross-linked to DNA, the amino acids participating in the cross-linking reaction have not been determined.
Representative, non-sequence-speci®c DNA-binding protein, the linker histone H1 (which is an abundant nuclear protein) also effectively cross-links the 22 bp duplex containing the monofunctional adduct of trans-EE, as monitored by standard gel shift assays (Fig. 5B, lane 3) and con®rmed by the treatment with NaCN and proteinase K. No ternary complexes containing EcoRI or histone H1 were formed under the same experimental conditions between the duplexes containing the CL of cisplatin or transplatin [ Fig. 5A (lane 6) and B (lanes 1  and 2) ]. Thus, in all cases studied it is clear that formation of the ternary DNA±platinum±protein complex is ef®cient for the major monofunctional adducts of trans-EE.
The 40-or 30mer templates cross-linked to histone H1 by trans-EE were isolated from the gel, puri®ed, hybridized with 8-or 17mer primers, respectively and used as substrates to investigate the translesion synthesis across the monofunctional adduct of trans-EE. As shown in lanes 4 of Figure 3 , polymerization by KF ± or RT HIV-1 using the template crosslinked to histone H1 mainly proceeded to the sites close to the platinated G. However, in contrast to the polymerization using the same templates but containing the adduct of trans-EE not cross-linked to a protein, no full-length products were noticed and the polymerization was terminated mainly at the platinated site. Similarly, no removal of the monofunctional adducts of trans-EE cross-linked to histone H1 from the 148 bp substrates containing single, central, monofunctional adduct of trans-EE by human or rodent excinuclease was observed under conditions when the same adduct not cross-linked to a protein was readily excised [shown for rodent excinuclease in Fig. 4A (lane 10) and B].
DISCUSSION
It is generally accepted that the key intracellular target for antitumor platinum drugs is DNA on which these compounds form various types of adducts (74) . The adducts of conventional cisplatin distort DNA conformation, inhibit replication and transcription (but they are also bypassed by DNA or RNA polymerases), and trigger apoptosis or necrosis (75) . In addition, cisplatin adducts are removed from DNA mainly by NER. They are, however, also recognized by a number of proteins, such as, for instance, HMG-domain proteins. The details of how the binding of HMG-domain proteins to cisplatin-modi®ed DNA sensitizes tumor cells to cisplatin are still not completely resolved, but possibilities such as shielding cisplatin±DNA adducts from excision repair or that these proteins could be titrated away from their transcriptional regulatory function, have been suggested as clues for how they are involved in antitumor activity. Experimental support of these aspects of the mechanism underlying antitumor activity of cisplatin or resistance of some tumors to this drug has recently been thoroughly reviewed (5,75±78). On the other hand, it has also been demonstrated (79) that the ability of HMGB1 protein, and probably other cisplatin±DNA-binding proteins, to in¯uence the ef®cacy of the drug may be dependent on tumor cell type.
Lack of activity of transplatin against tumors has been proposed to be associated with selective recognition of its DNA adducts by cellular repair systems resulting in their removal (80, 81) . Moreover, the monofunctional transplatin± DNA intermediates are much longer lived than their cisplatin analogs (81) . The transplatin intermediates may react readily with sulfur-containing nucleophiles, such as glutathione or metallothioneins, preventing closure to the bifunctional cytotoxic lesion. This feature of the monofunctional adducts of transplatin and the fact that the free transplatin molecules can readily react with sulfur-containing nucleophiles (81, 82) may be at least partly responsible for clinical inef®ciency of transplatin (8,81,83±85) . trans-EE forms on DNA stable monofunctional adducts preferentially at guanine residues (13) . These lesions distort DNA, although differently from the adducts of cisplatin or transplatin (11, 13, 14, 86) . These adducts can inhibit DNA polymerization to a limited extent so that they can also be bypassed by DNA polymerases (Figs 2  and 3) . In contrast to the adducts of cisplatin, the monofunctional adducts of trans-EE are not recognized by HMGdomain proteins. An important structural motif recognized by HMG-domain proteins on DNA containing the major 1,2-GG intrastrand CL of cisplatin is a stable, directional bend of the helix axis toward the major groove (87) . As demonstrated in the present work the major monofunctional adduct of trans-EE also bends the helix axis of DNA (by 21°), but towards the minor groove, and no recognition of these adducts by HMGB1 proteins was observed. Plausible explanation of this observation may be that the pre-bending due to the monofunctional adduct of trans-EE is too small and/or in an incorrect direction to be recognized by HMG-domain proteins. Thus, from these considerations we could conclude that the mechanism of antitumor activity of trans-EE does not involve recognition by HMG-domain proteins as a crucial step, in contrast to the proposals for cisplatin and its direct analogs in certain types of cells.
Several reports have demonstrated (38, 66 ) that NER is a major mechanism contributing to cisplatin resistance. The examinations of excision of monofunctional adducts of trans-EE have revealed that these adducts can also be ef®ciently removed by NER (Fig. 4) . Hence, by analogy to the mechanism proposed for antitumor effects of cisplatin, the monofunctional adducts of trans-EE should be shielded by damaged-DNA recognition proteins, such as those containing HMG-domains, to prevent their repair. However, we demonstrate in the present work that, in contrast to cisplatin CLs, the adducts of trans-EE are not recognized by HMG-domain proteins. Hence, it is reasonable to assume that the monofunctional adducts of trans-EE would be removed from DNA too early to trigger downstream processes leading to toxicity of trans-EE toward tumor cells sensitive to this drug, unless other factors than af®nity of the HMG-domain proteins to the adducts protect them from being removed from DNA. In addition, lack of af®nity of HMG-domain proteins for the adducts of trans-EE implies that these proteins will not be titrated away from their transcriptional regulatory function as they can be in certain types of cells in the presence of cisplatin CLs (88) . Thus, a reasonable alternative for the mechanism underlying antitumor effects of trans-EE may also be that proteins other than HMG-domain proteins bind to DNA adducts of this drug and by other mechanisms.
The results of the present work demonstrate for the ®rst time that the monofunctional adducts of trans-EE readily cross-link proteins (Fig. 5) . Interestingly, earlier observations have demonstrated that cisplatin and transplatin also form DNA± protein ternary CLs (89±97). However, the monofunctional adducts of cisplatin formed in the ®rst step of the reaction with DNA close to bifunctional CLs with a relatively fast rate so that these adducts do not persist for long enough to allow their extensive cross-linking to proteins to occur (82) . Consistent with this conclusion is the relatively very low frequency of the DNA±protein ternary CLs produced in cells treated with cisplatin (<1%) (98) . Transplatin forms more monofuntional adducts on DNA than cisplatin, and the rate of rearrangement of monofunctional to bifunctional adducts is considerably slower compared to cisplatin [24 h are required for~50% rearrangement of monofunctional adducts of transplatin (81)], but still considerably faster than that of the monofunctional adducts of trans-EE (13). In addition, in contrast to trans-EE, free transplatin and its monofunctional DNA adducts readily react with sulfur-containing nucleophiles, such as glutathione or thiourea, which may translabilize transplatin from DNA (81) . On the other hand, free trans-EE and its DNA monofunctional adducts react with sulfur-containing nucleophiles, such as thiourea (13) adducts. Hence, the formation of the DNA±protein ternary CLs in cells treated with transplatin is much less likely than in the cells treated with trans-EE. Taken together, the capacity of the monofunctional DNA adducts of trans-EE to cross-link proteins supports the idea that the capability of trans-EE monofunctional DNA adducts to cross-link proteins represents an important feature of the mechanism underlying antitumor effects of this platinum compound.
The results of the present work demonstrate that crosslinking proteins to monofunctional DNA adducts of trans-EE markedly enhances the ef®ciency of this adduct to terminate DNA polymerization by DNA polymerases in vitro (Fig. 3) and to inhibit removal of this adduct from DNA by NER (Fig. 4) . Hence, it is reasonable to suggest that DNA±protein ternary CLs produced by trans-EE could persist considerably longer than their non-cross-linked monofunctional adducts, potentiating the toxicity of trans-EE toward tumor cells sensitive to this drug. In other words, covalent cross-linking of DNA and proteins by trans-EE represents a potential novel mechanism through which this compound could exert its antitumor activity.
To date several strategies on ways to activate trans geometry in bifunctional platinum(II) compounds, including circumvention of resistance to cisplatin, have been proposed. One strategy consists of chemical modi®cation of the ineffective transplatin which results in an increased ef®ciency to form in DNA interstrand CLs and/or in an increased stability of its 1,3-intrastrand CLs in double-helical DNA (99) . Examples of such compounds are the analogs of transplatin in which at least one ammine ligand is replaced by a heterocyclic amine ligand [such as quinoline, thiazole or pyridine (7,100) or piperidine, piperazine or 4-picoline (99) ]. Another strategy consists of a chemical modi®cation of transplatin resulting in the capability of the new complex to form DNA adducts that mimic the structure of the adducts of cisplatin (42, 101) . For instance, antitumor trans-[PtCl 2 (NH 3 )(thiazole)] forms on DNA monofunctional adducts which mimic 1,2-intrastrand CLs of cisplatin including their recognition by HMG-domain proteins and NER (42) . In addition, this trans compound also forms interstrand CLs which are similar to those formed in DNA by cisplatin (101) .
Efforts to investigate the generality of the DNA±protein ternary CLs formed by trans-EE are under study in these laboratories and will be reported in due course. Given that cellular DNA is intimately associated with proteins, DNA± protein ternary CLs formed by trans-EE stresses the importance of this type of DNA damage for antitumor effects of the new platinum compound. Although formation of DNA± protein CLs seems to be limited to proteins that are able to bind to DNA, the potential in vivo CL formation with other DNA-binding proteins, including those directly related to neoplastically transformed cells, is not excluded. The capacity of trans-EE to cross-link the oncoproteins or other functional proteins with nuclear DNA in vivo would represent a potentially novel mechanism that might contribute to the antitumor ef®cacy of trans-EE by abrogating the functional integrity of these proteins.
In conclusion, trans-EE represents a quite new class of platinum antitumor drugs in which activation of the trans geometry is associated with an increased ef®ciency to form DNA±protein ternary CLs. In addition, our results provide additional strong support for the hypothesis that platinum drugs which bind to DNA in a fundamentally different manner to that of cisplatin have altered pharmacological properties. Hence, trans-EE and its analogs may represent a novel class of platinum anticancer drugs acting by a different mechanism to cisplatin and its analogs.
